Silicon particles approaching the size of 1 nm were grown along with the confining SiC films by employing a low-temperature chemical vapor deposition procedure. The resulting amorphous composite structure enables an experimental study of the quantum confinement effect in extremely narrow potential wells, as exemplified here by photoluminescence measurement. Owing to the enhanced energy fluctuation for such small particles, strong photoluminescence centered at 450-540 nm, and of comparable profiles, was measured in one single sample with an excitation wavelength selectable within 360-420 nm. Moreover, the typical decay time was found to be below 3.0 ns. These properties hold promise for the fabrication of wide-spectrum photoreceptors, ultraviolet-light detectors, and other optoelectronic devices.
Introduction
In quantum mechanics textbooks, the energy quantization for a confined electron is usually illustrated with ideal well models, where the wells generally have sharp edges and the confining potential is generally assumed to be infinitely large. In a true material system, the wells, or, more specifically as concerned here, the dots in the case of three-dimensional (3D) confinement, may be irregular in shape, and the confinement constituted by the surrounding substances can be of a variable strength; consequently the energy diagrams for the electronic states therein are material and/or structure dependent. This explains why the theoretical modeling of quantum confinement proceeds only in parallel with experimental investigations. Quantum-confined photoluminescence (PL) is a very intriguing research topic, since it permits the tuning of the emission wavelength by adjusting the size of the confined particles [1] [2] [3] , and silicon 3 Author to whom any correspondence should be addressed. nanoparticles embedded in various silicon compounds have been extensively studied in the past decade with regards to obtaining a tunable light-emission strong enough to be applicable in optoelectronics and photonics [4] [5] [6] . Up to now, high-efficiency PL covering the whole visible light band, and ascertained as arising from the quantum confinement effect (QCE), has been routinely obtained in Si-in-SiO x and Si-in-SiN x composite films [3, [7] [8] [9] [10] [11] [12] [13] , and in a previous work we even measured a decay time less than a nanosecond [12] . However, it seems that there is a size limit on the silicon nanoparticles below which their survival in a discharge of silane and in the deposition of a silicon compound becomes prohibitively difficult, which thus impedes the experimental study of the QCE at a further reduced potential dimension. It first of all implies a cutoff at the wavelength of PL available in view of application.
In silicon oxide, this critical size for innate silicon particles, with regard to the plasma-enhanced chemical vapor deposition process, is about 2.0 nm, and in silicon nitride it has been brought down to ∼1.8 nm [9] [10] [11] [12] [13] . A further reduction in the size for silicon particles is anticipated in the less oxidative SiC matrix in which the formation of homonuclear bonds is unfavorable. This allows the study of the QCE at such a size via photoluminescence measurement, for instance. Moreover, the realization of light emission from a Si-in-SiC structure is of importance in its own right. Silicon carbide is the building material for hard electronic devices to be used in high-temperature, high-power, high-frequency, and/or other harsh environments. The capability of emitting light will extensively broaden its applications. Up to now, light emission from SiC-based structures has mostly been researched in Si 1−y C y /Si quantum wells [14] and SiC nanocrystals [15] [16] [17] ; measurement of strong PL from a Si-in-SiC composite film has not been reported, and the reason lies probably in the difficulty in engineering the silicon particle size to a small value that can be effective for giving visible light emission via the QCE. In this paper we report the growth of silicon particles of about 1 nm size along with the silicon carbide matrix. At a particle density of ∼4.0 × 10 12 cm −2 , very strong photoluminescence in the blue band was measured at room temperature, and some plausible features are observed due to the enhanced effect of size fluctuation. With this work we try to clarify whether the light emission from confined silicon particles can be further shifted towards shorter wavelengths.
Experimental details
Amorphous Si-in-SiC samples were prepared on Si(100) wafers in a custom-designed plasma-enhanced chemical vapor deposition system using high-purity silane (previously diluted with hydrogen to 2.0 vol%), hydrogen and methane as precursors. A cyclic growth mode with a continual radiofrequency power supply at 35 W was adopted so as to maintain a substrate temperature below 60
• C, which has been verified to be the key point for the successful suppression of particle ripening [9] [10] [11] [12] [13] . The particle size can be adjusted by varying the silane content in the precursor, and the three groups of samples concerned here, labeled as A, B and C, were grown with a gas flow ratio (in sccm) of H 2 :CH 4 :SiH 4 = 10:10:0.5, H 2 :CH 4 :SiH 4 = 10:10:2, and H 2 :CH 4 :SiH 4 = 10:5:8, respectively. The film thickness was controlled between 400 nm and 1.0 μm. The presence of innate silicon particles in the deposits was confirmed by Raman scattering and infrared (IR) absorption measurement [13] , and a Tecnai-20 transmission electron microscope (TEM) was employed to characterize the particle size and density, for which a proper defocus value had to be chosen to accomplish an enhanced contrast. Room-temperature PL measurements were carried out on an FLS 920 (Edinburgh Instruments Ltd) fluorescence spectrometer with a xenon lamp as excitation source.
Results and discussion
With the aforementioned processing parameters, silicon-rich silicon carbide films containing high-density silicon particles can be prepared, and the minimum particle size achievable is considerably smaller than in silicon oxide and nitride matrices. Figure 1 displays the high-resolution transmission electron microscopic image of sample A. The average size of the silicon particles was estimated to be ∼1.2 nm, roughly two thirds of the smallest value attainable in the Si-in-SiN x system [11, 12] . Note, however, that due to the particular affinity between the silicon and carbon atoms, i.e., the strong tendency to form Si-C heteropolar bonds, the precipitation of excessive silicon atoms to form a distinct particle from a SiH 4 plasma is relatively difficult: the particle density here is only ∼4.0 × 10 12 cm −2 . In contrast, in the Si-in-SiN x system a largest particle density of ∼1.40×10
13 cm −2 has been realized. It is also noteworthy that only a minor increase in the silicon particle size, from ∼1.2 to ∼1.4 nm (subject to uncertainty due to the amorphous nature of the particles), was observed in the TEM micrograph for sample C, even though the silane content in the precursor was raised by a factor of 16.
Strong PL can be measured in the samples thus prepared, and it can be attributed to the QCE mechanism based on the analysis of the spectral features. The known characteristic PL emissions referred to the defects in SiC and SiC nanoparticles [18] are absent from our results. As supportive evidence for the QCE mechanism, we noted a steady red shift of the emission in Si-richer samples comprising enlarged silicon particles. The peak position shifts from 440 nm for sample A to 520 nm for sample C; see figure 2. The rather large shift in the emission wavelength, λ, via a seemingly small change in particle size, d, can be well understood from the viewpoint of the QCE model since it has λ/λ = 2 d/d: a small change from 1.2 to 1.32 nm in particle size implies an increase of emission wavelength by about 20%. This enormous shift was also observed in other systems where silicon particles of different sizes clearly exhibit quantumconfined emission [3, 12, 19, 20] . Due to the extreme smallness of the particles, the size fluctuation is expected to produce a considerably broadened profile for the confined PL emission. Therefore the labeling feature of the confined PL can be found in its broadened emission profiles, as shown in figure 2 . The enhanced size fluctuation means equally a broadened excitation spectrum for the PL process. In figure 3 the excitation spectrum for PL from sample B monitored at 478 nm is plotted, and for this emission wavelength the most efficient excitation occurs at ∼385 nm. A full-width-at-halfmaximum (FWHM) as large as 85 nm was read from the PL excitation curve, which corresponds to an energy span of ∼0.7 eV. This implies a significant flexibility in the choice of excitation sources.
In recognition of this fact, we carried out an extensive study of the PL properties of sample B by registering the entire PL spectrum at room temperature under some selected excitation wavelengths between 320 and 490 nm (2.53-3.87 eV). Figure 4(a) displays the fine-resolved spectral profiles. It can be seen that this sample can emit similarly intensive light when exposed to an excitation of quite different wavelengths. In order to analyze the properties of these PL profiles, the peak position, the integral intensity, and the FWHM are presented as functions of the excitation wavelength ( figures 4(b), (c) ). In so doing we assume a Gaussian profile for all the PL curves in figure 4(a) , which is reasonably justifiable. In figure 4 (b) the integral intensity is plotted against the excitation wavelength; it shows a typical binomial distribution (often fitted by a log normal distribution) in the case of small probability for each single event (here an effective excitation) [21] , and the half width is roughly the same as the FWHM of the PL excitation spectrum shown in figure 3 . The peak position of the PL spectrum is linearly correlated to the excitation wavelength at longer wavelengths, indicating a constant Stokes shift (∼1.10 eV), but deviation from linearity occurs at the first three shorter wavelengths since the corresponding photon energies surpass the band gap of the amorphous SiC matrix ( figure 4(c) ). At the same time, the evernarrowing FWHM of the spectra, given in eV, at the longer excitation wavelength justifies once again the QCE mechanism for the PL process. It drops steadily from 0.35 to 0.16 eV ( figure 4(d) ). This point has been discussed in detail in our previous publications concerning silicon particles embedded in SiN x matrix [3, 11, 12] . Note that the emission spectrum that extends to the violet band (below <400 nm or 3.1 eV in photon energy) loses intensity rapidly, and the corresponding photon energy has approached the band gap of the amorphous silicon carbide prepared under similar conditions ( 3.3 eV) [22] . Therefore, we can say that the PL emission centered at 460 nm is of roughly the shortest wavelength that can be achieved in the Si-in-SiC composite structure via the confinement mechanism.
The QCE mechanism for light emission from the extremely small Si particles may indicate a very short lifetime, of the order of a nanosecond. Figure 5 illustrates a typical decaying process for the emission collected at the 485 nm line under the excitation of 390 nm. The decay times are obtained by fitting the decaying process with a double exponential decaying function. Such a fitting procedure has been employed by many researchers [23] ; the tacit assumption is that two decaying paths are responsible for the decay. We found that, at the four chosen wavelengths for the collected emission, the decay time for the short-time attribute is 2.41 ns (390 nm), 2.63 ns (410 nm), 2.22 ns (465 nm) and 3.62 ns (505 nm), respectively. The decay time for the long-time attribute is also well below 10.0 ns. Such a short lifetime, though roughly doubled as we reported on Si-in-SiN x [12] , is considerably shorter than those measured in porous silicon and in silicon particles embedded in oxide matrix (a decay time of the order of 0.1 ns was once reported for the fast component of PL obtained in Si nanocrystals, which has been explained in terms of the Auger recombination process [24] , but the corresponding emission weighs only a little in the total PL spectrum). Noting that the two components of the decay time here are of the same order of magnitude, an alternative fitting using the stretched exponential function [25] seems more appropriate which, to no surprise, gives a decay time of a similar size. But again, a clear picture for the underlying dynamic recombination processes is missing. This can only be resolved with more detailed measurements of the decaying and excitation processes in the future.
Some further remarks are appropriate. Although a size of 1.2 nm for the silicon particles in SiC is the smallest ever achieved, owing to the weaker confining strength from SiC, the strongest emission peaks at a noticeably longer wavelength (∼475 nm) than in the Si-in-SiN x system (∼427 nm) [10] [11] [12] . But considering the many advantages of SiC itself as a base material for electronic usages, Si-in-SiC films offering strong and tunable light emission will surely find more interesting applications in, among others, photoelectric devices. For example, the Si-in-SiC composite film can be used as a working medium for ultraviolet (UV) detection since to a wide spectrum of UV irradiation it exhibits strong visible light emission and shows as well a large change in its electrical conductivity. Moreover, the smaller band gap of the SiC matrix may provide a solution to the electrical excitation problem that hinders the obtainment of electroluminescence from silicon nanostructures.
Summary
In summary, silicon particles with an average size of ∼1.2 nm were grown along with the confining SiC films on cold substrates by employing a plasma-enhanced chemical vapor deposition procedure, which can serve an exemplar system for the study of the QCE in potential wells ∼1.0 nm in dimension. Strong PL extending to the violet band can be measured at room temperature, and emissions of comparable profiles can be obtained in one same sample with a flexible choice of excitation wavelengths. These features are beneficial for the fabrication of violet light detectors and for other applications where PL of variable emission wavelengths is demanded.
